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Abstract 
The demand for higher efficiency in aircraft propulsion engines leads to materials with increasing thermomechanical strengths. The 
intermetallic gamma titanium aluminides (J-TiAl) are attributed a great potential in this field, but the machinability of J-TiAl by conventional 
processes is challenging. One alternative manufacturing technology for these materials, especially for cavities with a high aspect ratio such as 
seal slots in turbine blades, is sinking EDM. Since the process stability in terms of a constant feed rate is not guaranteed for high plunging 
depths, this paper focuses on an experimental approach to investigate interdependencies between common process control strategies and 
process output parameters (e.g. feed rate, surface integrity) during the machining of cavities with high aspect ratios in the intermetallic alloy 
TNM-B1.  
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1. Introduction 
One trend in material applications in the aerospace industry 
goes towards the intermetallic gamma titanium aluminides. 
This class of materials inherits great potential for the 
increasing demand for efficiency in turbomachinery 
components due to their great specific strengths and 
temperature resistances, thus they have potential to substitute 
nickel based alloys in specific turbine components. But these 
properties also affect the machinability by conventional 
processes negatively. Consequently the machining of 
turbomachinery components is getting increasingly 
challenging. Nevertheless, electric discharge machining 
(EDM) is independent from the material’s mechanical 
properties; consequently EDM processes represent an 
important alternative for the machining of these hard-to-
machine titanium alloys [1]. Nowadays specific geometric 
elements on turbomachinery components are already 
manufactured by EDM processes by default (e.g. seal slots 
(cp. [2], [3]) and cooling holes on turbine blades, inner 
contours of diffusors, blade geometries on blisks in the field 
of prototype construction) [4]. For the near future it can be 
assumed that the demand for EDM processes will grow. This 
needs the process to become more efficient.  
Modern sinking EDM machine tools rely on a database 
that provides technology parameters for the desired 
application; hereby the possibility for a deterministic process 
configuration is given. To build and to apply this database, 
process knowledge needs to be generated by experimental 
research. Since sinking EDM machine tool manufacturers do 
not provide adapted technologies for the manufacturing of γ-
TiAl, research is necessary to build this knowledge.  
Preliminary tests have shown that γ-TiAl can be 
manufactured by EDM as productively as nickel based alloys 
[5]. Since a more detailed investigation on the process control 
has not been conducted and leads to a better understanding of 
process phenomena by experience, it is addressed in this 
paper.  
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Basics of Process Control  
The EDM process bases on a complex electro-thermal 
principle that depends very significantly on environmental 
circumstances. Especially in the area where a discharge takes 
place between workpiece and tool electrode, influences like 
contamination, temperature and ionization of the dielectric 
fluid have a massive impact on the resulting material removal, 
tool wear, etc. Process control strategies have been developed 
to counteract these impacts based on detailed process 
monitoring. The feed rate of sinking EDM processes results 
from a controlled gap width with the help of electric signals. 
Kunieda [9] addresses certain aspects of common process 
control mechanisms, e.g. gap width control by the ignition 
delay time or voltage levels as well as self-optimizing 
algorithms. Behrens [7], Ginzel [8] and Dauw [10] introduce 
into threshold based spark characterization and advanced 
threshold based process controls including experimental 
investigations and spark characterization to develop 
technologies. 
A desired quality of an EDM process is the occurrence of a 
characteristic effective discharge as the most frequent one 
within a series of discharges. A single effective discharge is 
defined through the formation and existence followed by the 
collapse of a plasma channel in a location within the working 
gap different from the prior discharge. Furthermore the 
discharge can be monitored indirectly and characterized 
efficiently through electric signals – a defined duration, 
current and voltage progression – as well as material removal 
preferably on the workpiece. [6] 
One of the most important electric signals is the voltage. 
The voltage during the actual discharge (discharge voltage) 
depends strongly on the process configuration (materials, 
dielectric fluid) or actual conditions (temperatures, ionization, 
contamination). The discharge voltage of the ideal discharge 
has a typical monotonic decreasing and continuous 
progression, cp. Fig. 1.  
 
Fig. 1: Progress of the voltage signal of an S-EDM discharge and principle of 
the threshold based process control [7] 
Abnormal discharges are named in [9] (e.g. discharges 
with a low discharge voltage, discharges without any ignition 
delay time, short circuits, open circuits). Various thresholds 
can be applied to this signal to regulate the process: regulation 
by ignition delay time, by an ignition voltage threshold, by the 
descending flank of the ignition voltage and, finally, by a 
discharge voltage threshold [7], [8], [10]. A very important 
one is the discharge voltage threshold. Fig. 1 shows 
exemplarily two courses of the discharge voltage, that a 
threshold based process control detects as abnormal courses: a 
sudden drop or a drop of the whole course. If that happens and 
the voltage falls below a certain threshold ue,min (cp. Fig. 1), a 
common action of the process regulation instrument is to 
interrupt the discharge spontaneously. 
  If the threshold is set too high, too many good discharges 
are cut off. If it is set too low, too many discharges with a low 
discharge voltage occur. In both cases productivity can drop 
and relative wear can rise; also surface defects are a product 
of occurring discharges with a too low discharge voltage. 
Consequently an optimum of the discharge voltage 
respectively of the threshold can be estimated for every 
application [7]. It has been shown that ideal thresholds depend 
– besides the combined materials – on the applied discharge 
current ie and on the discharge duration te, as the discharge 
voltage continuously falls [7], [8].  
Newest investigations have shown that the voltage signal 
can be used to distinguish between lateral and frontal sparks. 
Lateral sparks have a higher voltage level as high speed 
camera images could prove, which were correlated to the 
voltage signal of a sinking EDM process [11]. 
The nomenclature applying to this paper is shown in the 
following. 
 
Nomenclature and abbreviations 
Ael    Tool electrode’s frontal surface / mm² 
a2, a3    Interpolation coefficient / (mm / A min) 
b2, b3    Interpolation coefficient / (mm / min) 
c(W    Polynomic interpolation coefficient / - 
D    Average grit size / μm  
dWL    Average white layer thickness 
dWL,max    Maximum white layer thickness 
fA    discharge frequency per area / (1 / mm² s) 
ie    Average discharge current / A 
Ra    Mean surface roughness / μm  
t    Current plunging depth (Z-axis position) / mm 
td      Ignition delay time / μs 
W    Duty cycle / % 
t0      Pulse interval time / μs  
td      Ignition delay time / μs 
te      Discharge duration / μs 
tH    Processing time / min 
tN    Programmed plunging depth / mm  
û    Open circuit voltage / V 
ue,min    Discharge voltage threshold / V 
u    Voltage / V 
vf    Feed rate / (mm / min) 
vw  or  MRR  Material removal rate / (mm³ / min)  
3. Experimental Setup 
This research was performed on a modern Sinking EDM 
machine tool (GF Machining Solutions Form 2000) with the 
newest generator technology (IPG, intelligent power 
generator) and the oil based dielectric oelheld IME-MH. The 
standard gap width control by ignition delay time is used, the 
pulse generation was chosen as isoenergetic. The research 
bases on a process control with a (lower) discharge voltage 
threshold. The internal regulation instrument of the machine 
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tool interrupts single discharges if the discharge voltage falls 
below a certain level ue,min. 
The processed material was the gamma titanium aluminide 
Ti-43.5Al-4Nb-1Mo-0.1B (TNM-B1) which was hot isostatic 
pressed (HIP) after it has been casted as Ø 52 mm x 150 mm 
cylindrical ingots. An etched cross section polish shows the 
bimodal microstructure of the material, cp. Fig. 2. Specimens 
were cut out by wire EDM and treated with 2 trim cuts 
resulting in a mean surface roughness value Ra < 1 μm.  
 
Fig. 2: Microstructure of the processed γ-TiAl TNM-B1  
The cavities’ geometry was chosen to be comparable to 
seal slot geometries in aerospace applications. The frontal 
area of the derived tool electrode was sized 
Ael = 0.5 x 9.63 mm² = 4.8 mm², which results in an aspect 
ratio of up to 18 through a plunging depth of tN = 9 mm. The 
electrode material used was a standard graphite SGL R8650 
(average grit size D = 7 μm). The tool electrodes were milled. 
Feed rates were determined through the machining log file; 
tool wear as well as the lateral working gap were determined 
by optical measurements. The machining parameters (process 
input parameters) such as average discharge current (ie), 
discharge duration (te), pulse interval time (t0) and discharge 
voltage threshold (ue,min) were set in the machine tool. The 
open circuit voltage is set ûi = 250 V. 
4. Experimental Results 
4.1. Basic Effect of Process Control on the Process  
The aim of the research presented in the following is to 
acquire process knowledge regarding the application of 
process control and varying process parameters during sinking 
EDM of seal slots in gamma titanium aluminides.  
The first approach was to run a process with and without 
the threshold based process control. Experiments were 
executed with a discharge voltage threshold of ue,min = 15.2 V 
– suggested for the machining of steel with copper tool 
electrodes – and without any threshold. As Fig. 3 shows in the 
side view, the tool electrodes had a significant differing wear 
behavior basing on the threshold based process control.  
 
Fig. 3: Effect of activated process control strategy on tool wear 
The process without the threshold based process control (a) 
resulted in enormous and uneven tool wear. The activated 
control (b) induced a very evenly distributed wear on the 
electrode besides an irregularity on one side. The tool wear on 
electrode (a) may be the result of bad discharges with a low 
discharge voltage or spontaneous drops of the voltage (as 
described in chapter 4.1) that would be suppressed by using 
the threshold based control. 
Furthermore, the process’ productivities have been taken 
into account. Fig. 4 shows the processing times (a) and the 
actual feed rates as a function of the plunging depth (b) of 
both configurations. It can be concluded that the activation of 
the advanced process control realizes a much more productive 
process accompanied by lower tool wear. Nevertheless, it 
could be monitored that both processes are afflicted by a 
breakdown of the feed rate at a certain plunging depth. The 
breakdown point is seen as the remaining plunging depth 
when the feed rate significantly drops. 
 
Fig. 4: Effect of the process control on productivity 
The breakdown of the feed rate may be the result of 
changing conditions in the working gap in deep cavities. The 
results show that the breakdown point could be moved to a 
smaller distance seen from the cavity’s bottom by using the 
process control that suppresses occurring low discharge 
voltages. Nevertheless the feed rate before the breakdown 
point was overall reduced, though it does not correlate with 
the removal rate inherently because of the occurring tool 
wear. The process breakdown may be a result of working gap 
overstraining and will be investigated further. 
4.2. Influence of Parameters on Process Breakdown 
Because of the significantly reduced tool wear when using 
the threshold based process control it has been used 
continuously, cp. Fig. 3. 
The first approach to gain knowledge in regard to working 
gap overstraining was to characterize the optimum duty cycle 
by varying the pulse interval time. The duty cycle is defined 
as the percentage share of discharge duration te and ignition 
delay time td in the whole pulse cycle time, which is the sum 
out of discharge duration te, pulse interval time t0 and ignition 
delay time td, cp. Equation (1). The definition includes an 
approach commonly used in literature with an unknown 
ignition delay time td.  
߬ ൌ ௧೐ା௧೏௧೐ା௧బା௧೏ ൎ
௧೐
௧೐ା௧బ                (1) 
Consequently the de-ionization, decontamination and 
similar thermophysical mechanisms have differing amounts of 
time with a varied pulse interval time. The duty cycle was 
varied in the interval 2.9 % ≤ W ≤ 23.1 % and processing 
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times, volumetric relative tool wear as well as actual feed rate 
have been taken into account, cp. Fig. 5. The results show that 
the prior investigated technology with W = 23.1 % was the 
least productive. The regression graph of the processing time 
tH shows an optimum at W = 11.5 %. It could be detected that 
actual feed rates suffered once again from a breakdown if the 
duty cycle was set too high. Furthermore, the breakdown 
point increased with the duty cycle. Tool wear showed 
progressively increasing behavior. 
 
Fig. 5: Processing time, relative wear as a function of duty cycle (a) and 
actual feed rate over the plunging depth for three duty cycle values (b) 
The processing times of processes with W > 11.5 % include 
significantly lowered feed rates after the breakdown 
thoroughly, cp. Fig. 5. Since a breakdown of the feed needs to 
be eliminated and the process to continue at high feed rates, 
actual feed rates were determined via the machining time until 
the (possibly) occurring breakdown. This gives the possibility 
to determine more accurate productivities disregarding the 
breakdown. Fig. 6 shows these results as well as the 
breakdown point – if it occurred – for each value of the duty 
cycle W.  
 
Fig. 6: Feed rates and breakdown points as the result of varied duty cycle 
Feed rates reached a maximum at W = 11.5 % and 
decreased gradually. The decrease could be the result of 
beginning working gap overstraining (e.g. occurring arcs) 
with a duty cycle set too high respectively a pulse cycle time 
set too low. On top of that at the duty cycle W ı  17.3 % 
breakdowns started to occur. At W = 17.3 % they happened 
only two out of five times, at the duty cycles above every 
time. These results show a proportionately increasing 
breakdown point with an increasing duty cycle. 
At the duty cycle W = 11.5 % the influence of discharge 
current on the feed rate and breakdown point has been 
investigated more in detail, cp. Fig. 7.  
 
Fig. 7: Influence of discharge current on feed rates and breakdown points 
It was shown that the feed rate increased nearly linearly 
with the discharge current. Furthermore, a raised discharge 
current induced the occurrence of a feed rate breakdown that 
increased with the current. The process control has been held 
constant. This indicates that the duty factor needs to be 
lowered for a raised discharge current to prevent a 
breakdown. The correlation between current and feed rate 
could mathematically be defined in Equation (2). 
ݒ௙ሺ݅௘ሻ ൌ ܽଶ ή ݅௘ ൅ ܾଶ ൌ ͲǤͲͷͳ ή ݅௘ ൅ ͲǤͲʹ͵       (2) 
As Ginzel [8] stated, the discharge voltage threshold ue,min 
needs to be adjusted with a changed current. Consequently it 
was assumed that the process control has an influence on the 
productivity. Thus, the control was varied with three different 
values of ue,min on three different levels of W as shown in  
Fig. 8. It was shown that the influence is marginally compared 
to the distribution of the experiments. Only the highest value 
of ue,min led to a greater feed on the highest level of W. This 
overall indicates that there is an optimum in terms of 
productivity for each value of W.  
 
Fig. 8: Influence of varied process control voltage threshold on feed rate 
Nevertheless the more important aspect of the process 
control is to find a correlation regarding to the breakdown 
point to avoid it. This correlation was addressed by analyzing 
the breakdown points for each value of the duty cycle with the 
prior varied process control. It could be shown that a 
breakdown did not occur under any circumstances with 
W = 11.5 %. But at W = 17.3 %, where the breakdown occurred 
three out of five times with ue,min = 15.2 V, the average 
breakdown even increased with a lower value of ue,min and 
was avoided with the highest voltage threshold. Finally, the 
duty cycle W = 23.1 % led to a repetition of this correlation: a 
higher value of ue,min decreased the breakdown point,  
cp. Fig. 9. 
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Fig. 9: Influence of varied process control voltage threshold on the process 
breakdown point 
4.3. Rim Zone Inspection 
The following chapter deals with interdependencies of 
process performance (i.e. surface quality, productivity) and 
process input parameters (i.e. discharge current).  
A similar seal slot geometry has already been processed in 
the nickel based alloy MAR-M247 by Uhlmann (cp. [2], [3]). 
Twelve cavities were processed simultaneously with a 
significant higher duty cycle W = 56.7 % at a significant lower 
interval time of t0 = 32 μs for rim zone inspections. Through 
the resulting multiple higher frontal area Uhlmann 
approximately meets areic discharge frequencies applied for 
experiments presented in this paper. The calculated frequency 
equals fA Ĭ 150 / (s mm²), in this paper the range of fA is 
200 / (s mm²) < fA < 1600 / (s mm²), linearly correlating with 
2.9 % < W < 23.1 %. The sinking EDM process with a 
discharge current ie = 22 A in the workpiece material MAR-
M247 resulted in a maximum white layer thicknesses dWL,max 
= 30 μm and a mean surface roughness Ra < 6.3 μm. This met 
the requirements for the addressed components. [2] 
For the experiments presented in this paper, mean surface 
roughness values Ra were determined as well as rim zone 
inspections were executed for different values of W. It could be 
shown that the surface roughness values Ra do not depend on 
the duty cycle. The rim zone inspections have brought 
information about white layer thicknesses and cracks within 
the rim zone. A correlation between occurrence and length of 
cracks and the duty cycle could not be established. However, 
the average white layer thicknesses followed a slightly 
decreasing trend with a higher value of the duty cycle, which 
may be the effect of less energy density in the working gap 
through higher pulse interval times and thus lower 
temperatures, cp. Fig. 10 (a). One value for the average 
thickness was calculated by analyzing 10 microscopic images 
showing a rim zone length of 0.2 mm each. 
 
Fig. 10: Aspects of the surface integrity with a varied duty cycle 
Nevertheless, the rim zone inspection shows in general, 
what thicknesses of white layer can be expected processing  
TNM-B1 with graphite: dWL Ĭ  9 μm, dWL,max Ĭ  27 μm. 
Cracks within the white layer occurred frequently: within the 
cavities’ bottom on average six cracks with a maximum 
length of 23 μm were counted, cp. Fig. 10 (b). This possibly is 
a result of the brittle material properties in contrast to nickel 
based alloys and shall be investigated in further work. 
4.4. Process Model for Discharge Current and Duty Cycle 
The duty cycle W = 2.9 % (pulse interval time t0 = 1010 μs) 
was the basis of a variation of the discharge current, resulting 
in a calculated discharge frequency per area 
fA Ĭ 200 / (s mm²).  
Micro and macro geometric aspects of the processed 
cavities have been taken into account, i.e. mean surface 
roughness Ra and lateral working gap sL.  
The discharge current has been varied with the discharge 
voltage threshold set at ue,min = 15.2 V, cp. Fig. 11.  
 
Fig. 11: Influence of a varied discharge current on roughness, feed rate and 
lateral working gap 
The mean surface roughness Ra follows an increasing 
course on a diminishing scale between 3.0 μm ≤ Ra ≤ 6.0 μm. 
Furthermore the lateral working gap was determined by 
optical measuring of the cavities wideness at the top view in 
comparison to the electrodes’ geometries. The working gap 
increased with the discharge current from sL = 0.08 mm up to 
sL = 0.11 mm, thus resulting in an average cavity width 
between 0.66 mm and 0.72 mm with an initial electrode’s 
width of 0.50 mm. 
Once again a linear correlation between the discharge 
current and the feed rate was identified as shown in Equation 
(3). This led to the possibility to build a model for the 
resulting feed rate from the parameters ie and W 
ݒ௙ሺ݅௘ሻ ൌ ܽଷ ή ݅௘ ൅ ܾଷ ൌ ͲǤͲͶ͹ ή ݅௘ െ ͲǤͳ͹͹       (3) 
By combination of Equations (2) and (3) at their two duty 
cycles (W = 11.5 % and W = 2.9 %) with interpolation 
between the coefficients of ie (a2 = 0.051 mm/(A min)) and 
a3 = 0.023 mm/(A min)) as well as the constants 
(b2 = 0.024 mm/min and b3 = -0.177 mm/min) in respect to 
the variable Wa deterministic model was built. As the feed rate 
increases on a diminishing scale with a duty cycle up to 
W = 11.5 % (cp. Fig. 6), linear interpolation is not sufficient. 
The polynomic (4) describes vf (in mm / min) as a function of 
the duty cycle (2.9 % < W < 11.5 %) and is used as the 
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function for the interpolation between Equations (2) and (3) as 
seen in (5).  
ݒ௙ሺ߬ሻ ൌ െͲǤͲͲ͵ͷ ή ߬ଶ ൅ ͲǤͲ͹ͻʹ ή ߬ ൅ ͲǤͲͺͺ͵      (4) 
 
ܿሺ߬ሻ ൌ ௩೑ሺఛሻି௩೑ሺఛୀଶǤଽΨሻ௩೑ሺఛୀଵଵǤହΨሻି௩೑ሺఛୀଶǤଽΨሻ           (5) 
Summarized the following deterministic model for the 
resulting feed rate as a function of discharge current 
(6 A < ie < 20 A) and duty cycle (2.9 % < W< 11.5 %) was 
built, the stability index is R² > 0.993, cp. Equation (6).  
ݒ௙ሺ߬ǡ ݅௘ሻ ൌ ൫ܽଵ ൅ ሺܽଶ െ ܽଵሻ ή ܿሺ߬ሻ൯ ή ݅௘ ൅ ܾଵ ൅ ሺܾଶ െ ܾଵሻ ή ܿሺ߬ሻ (6) 
The model is visualized in Fig. 12. Four linear graphs 
represent different constant values of the variable W.  
 
Fig. 12: Model for the feed rate as a function of discharge current and duty 
cycle as well as determined tool wear from experimental results 
The model applied – independently from considering any 
other process efficiency point of view than productivity –
results in maximizing the discharge current and choosing a 
duty cycle of W = 11.5 %. However, the process breakdown 
behavior was investigated for this level of the duty cycle. It 
occurred with a value ie > 10 A. Process breakdowns did not 
occur at all for a duty cycle W = 2.9 %, hence the process 
should be executed with high currents at a low duty cycle.  
Experimental results of the optically determined 
volumetric relative tool wear are implemented in the 
visualization as well, showing the increasing tool wear with a 
greater value of W. Eight squares show results for the relative 
tool wear at a constant value W = 2.9 % and four squares at a 
constant value ie = 10 A. These results show that tool wear 
only insignificantly increased with a discharge current 
ie < 14 A. Currents ie > 14 A resulted in a progressive increase 
of tool wear up to ϑ = 2.4 % at ie = 20 A. Increasing the duty 
cycle also led to increased tool wear: ϑ = 1.7 % at W = 2.9 %, 
ϑ = 2.1 % at W = 11.5 %. 
The data of the experiments presented is not sufficient to 
extend the model by a tool wear component as well as a 
breakdown component, but the results show general 
possibilities by empiric modeling for further integration in 
process control and technology databases. 
Conclusion 
Summarizing the sinking EDM processing of high aspect 
ratio cavities in γ-TiAl TNM-B1 with fine grain graphite it 
can be stated: 
x Activating and varying process control as a minimum 
discharge voltage threshold interrupting discharges that 
fall below this threshold has a minor influence on 
machining speed, a major influence on the process 
stability in terms of process breakdown and a major 
influence on tool wear. 
x The duty factor has an important role in finding an 
optimum productivity when varying pulse interval time. 
Duty factors set too low waste productivity, but still 
decrease tool wear. Duty factors set too high induce a 
process breakdown behavior that can be countered by the 
process control as described before. 
x Rising discharge currents induce a process breakdown as 
well that can possibly be countered by the process control. 
x The pulse interval time has no influence on the surface 
roughness and minor influence on the white layer 
thickness. The white layer thickness slightly decreases 
with higher interval times. 
x Both surface roughness Ra and lateral working gap sL 
follow an increasing course on a diminishing scale with a 
rising discharge current; the material removal rate 
increases linearly with the current. 
x A process model basing on experimentally investigated 
correlations was built that describes the feed rate as a 
function of the discharge current and the duty cycle for 
defined intervals. A model for tool wear or breakdown 
behavior was not established, but the existing results show 
tendencies and make it possible to determine economic 
sets of parameters. 
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